and conductivity on alteration of its electrochemical state. In the present work, we have studied the morphological changes with electrode potential in microtubules and nanowires of PANI using in-situ electrochemical AFM (EC-AFM). About 15 to 20% change in dimensions was observed on changing the electrochemical state in H 2 SO 4 as the electrolyte. Such changes in microtubules and nanowires of PANI may find useful applications in actuation and sensing.
I. INTRODUCTION
ONDUCTING polymers (CPs) have emerged as an important class of transducer materials with applications in sensing, display, and electronic devices. [1] [2] [3] Polyaniline (PANI) is one of the most important CPs owing to its stability, easy synthesis and storage properties. PANI can be used as transducer material because its electrical property strongly depends on the chemical potential and pH of the environment [1] - [3] .
CPs undergo change in their conformation on changing their electrochemical state. Generally for small ions, there is increase in the volume of CPs at positive potentials and for large ions like poly(styrene sulfonate) (PSS) there is increase in the volume at negative potentials. This conformation change causes change in the morphology of the CPs. This property has been utilized in the fabrication of conducting polymer based actuators [4] . Since its invention, atomic force microscopy (AFM) has been used in the study of surface morphology in various applications [5] . PANI PANI films in the literature. Macdiarmid and co-workers reported the increase in roughness of the PANI thin films in the conducting state [6] . Salaneck and co-workers have made ex-situ AFM investigations of morphologies in ultrathin PANI films [7] . They studied the morphology of emeraldine base form of PANI doped with camphorsulfonic acid (CSA), which was spin coated on (highly ordered pyrolytic graphite) HOPG. In this study they observed geometrically shaped crystalline islands. Torresi and co-workers have reported ex-situ AFM morphological studies of electropolymerised PANI films modified by surfactant ions like sodium dodecylsulphate (SDS) [8] .
Siegenthaler and co-workers studied the in-situ AFM of PANI synthesized on HOPG with repetitive potential cycling in sulphate medium [9] . Recently, Szklarczyk and co-workers have done the in-situ AFM study of effect of monomer concentration on the morphology of poly (omethoxyaniline) [10] .
In the current work, morphological changes with electrode potential of PANI microtubules and nanowires were studied in sulphate medium. We have observed the reversible morphological changes in PANI with changing electrochemical potential in these cases.
II. EXPERIMENTAL DETAILS
Aniline (Merck) was distilled under vacuum prior to use. All solutions were prepared using water purified by Milli-Q water purification system. MOS grade sulphuric acid (J. T. Baker) and reagent grade hydrochloric acid were diluted to desired concentrations. Horseradish peroxidase (HRP, EC 1.11.1.7) type II was purchased from Sigma Chemical Co. The bipotentiostat model AFCBP1 from Pine Instrument Company, USA was used for the electrochemical experiments. The ex-situ as well as in-situ AFM experiments were performed with Digital Instruments Nanoscope IV atomic force microscope with electrochemical attachment, Santa Barbara, CA, USA. The silicon nitride cantilevers with a spring constant 0.12 Nm -1 (manufacturer's data) were used for imaging in contact mode. The PANI microtubules were prepared using template deposition method pioneered by Martin [11] . Track etched isoporous polycarbonate (PC) membranes for this purpose was purchased from Millipore Inc. In this work one side Au coated PC membranes having pore diameter of 1.2 µm and thickness 10 µm were used as template for synthesis of PANI Morphological changes with electrode potential in microtubules and nanowires of Polyaniline:
An in-situ EC-AFM study 4 . In the electrochemical cell provided with the instrument, there is provision for placing Pt (counter electrode) and Ag/AgCl (reference) electrodes. Sample works as working electrode (PANI microtubules and PANI nanowires). Insertion of electrolyte was done from a separate opening in the cell. Generally 30-40 µl of the electrolytes is used inside the fluid cell for the in situ AFM experiments. The AFM images were obtained in the steady state at constant potentials using the potentiostat attached to the multimode base of the atomic force microscope.
III. RESULTS AND DISCUSSION
In-situ AFM studies of PANI microtubules in sulphate medium Figure 1a shows the ex-situ AFM image of bare Au coated PC membrane. After the PANI electrodeposition and template removal PANI microtubules can be seen coming out of the Au surface as shown in Figure 1b . Figure 1c is the three dimensional image of the same area. The diameters of the microtubules were 1.2 µm. The potentials chosen for in-situ AFM studies were -0.2 V vs Ag/AgCl for the reduced state of PANI and +0.2 V vs Ag/AgCl for the oxidized state of PANI. Figure 2 shows the in-situ AFM images of PANI microtubules obtained at various electrochemical states of PANI. Figure 2a shows the in-situ AFM image of PANI at -0.2 V. As the potential was changed from -0.2 V to +0.2 V, there was an increase in the diameter of the PANI microtubules (shown in green in the section analysis data) from 1.2 µm in the reduced state to 1.4 µm (Table 1) in the oxidized state (Figure 2b ) which amounts to 16 % expansion in the dimensions of the microtubules. Also the distance between the two points (shown in red in the section analysis data in Figure 2a, 2b and 2c) containing the three tubules increased from 4.5 µm in the reduced state to 5.3 µm in the oxidized state. This increase in dimensions of the microtubules at +0.2 V was due to expansion of the PANI morphology at this potential. When the potential was switched back to -0.2 V (Figure 2c ), the diameter of the microtubules decreased to the original value i.e. 1.2 µm in the reduced state along with the distance, which decreased to 4.6 µm. In-situ AFM studies of PANI nanowires in sulphate medium Figure 3 shows the ex-situ AFM image of the PANI coated DNA nanowires aligned on the HOPG surface. Some of the PANI formed which is not on DNA can also be seen in the image. These PANI nanowires were used for in-situ AFM studies in 10 -4 M H 2 SO 4 . Similar potential values as used for PANI microtubules were chosen in this case also. Figure 4a shows the in-situ AFM image of PANI nanowires at +0.2 V. As the potential was changed from +0.2 V to -0.2 V (Figure 4b ) there was decrease in the height of the nanowire (in this case measurement was done on one of the nanowires shown by green arrows in the AFM images) from 2.29 nm to 1.92 nm ( Table 2 ). This decrease in height of the nanowires on changing the electrode potential was found to be 19 %. When the potential was switched back to +0.2 V, the height of the nanowire changed back to 2.18 nm that is close to its initial value at this potential as can be seen from Figure 4c . The in-situ AFM results prove that there is volume change associated with a modification in the electrochemical state of PANI. It is clear from the results that PANI possesses compact morphology in the reduced state, which changes to expanded morphology in the oxidized state, which is reversible within certain electrode potential limits. Such PANI microtubules and nanowires can become useful for actuator and sensor applications as well as in molecular electronics to get improved sensitivity.
